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High-energy cosmic-ray (CR) protons interact with the interstellar gas and produce intense
diffuse y rays. Since the interstellar medium (ISM) is transparent to these high-energy photons,
GeV 7 rays are a powerful probe to study the ISM and Galactic CRs. In order to study the
spatial and spectral distributions of CRs through 7y rays, either in the CR accelerators or in
the interstellar space, the interstellar gas column densities need to be estimated with good
accuracy using observations in other wavebands such as radio, infrared, and optical. Radio
line observations at 21 cm and 2.6 mm have been used to trace the atomic and molecular gas
distributions, respectively. Yet, a significant amount of gas not traced properly by these surveys
was revealed by EGRET and has been confirmed by using Fermi Large Area Telescope (LAT)
data. Although dust distribution has been used to trace these “dark gas”, the procedure to convert
dust observations into the total gas column density (N(Hy)) has not been established yet. In
this contribution, we report the study of ISM and CRs in the nearby molecular clouds MBM
53, 54, and 55 and a far-infrared loop-like structure in Pegasus. By combining the dust thermal
emission model based on Planck data with Fermi-LAT 7y-ray data, it was found that neither the
dust radiance (R) nor the dust opacity at 353 GHz (73s3) was proportional to N(Hy), but instead,
their ratios (N(Hiot)/R or N(Hyo)/T353) depend on the dust temperature 7y. Using the y-ray
data as a robust gas tracer to compensate for the temperature dependence, we evaluated N(Ho)
distributions by employing an empirical linear relation between N(Hio)/R and Ty. We present

the data analysis, results, and implications for the ISM and CRs.
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1. Introduction

In the interstellar space, cosmic-ray (CR) protons interact with the interstellar gas and produce
diffuse y rays. CR electrons also produce 7y rays but their contribution is smaller in GeV energy
range with a typical proton-to-electron ratio. Because the interstellar medium (ISM) is essentially
transparent to these high-energy photons, and the 7y-ray production cross section is independent
of the chemical or thermodynamic state of the interstellar gas, cosmic GeV Y rays have been rec-
ognized as a powerful probe to study the ISM and Galactic CRs. In order to study the spatial and
spectral distributions of CRs through ¥ rays, either in the CR accelerators or in the interstellar space,
the interstellar gas column densities need to be estimated with good accuracy using observations in
other wavebands such as radio, infrared, and optical.

Usually, the distribution of atomic hydrogen (H1I) is measured by 21-cm line surveys (e.g.,
[1]) and the distribution of molecular hydrogen (H,) is derived via 2.6-mm line observations of
carbon monoxide, CO (e.g., [2]). The total gas column density (N(H)) can also be estimated
from extinction, reddening, or emission by dust (e.g., [3]). These tracers have advantages and dis-
advantages. Therefore, comparing HI, CO, and dust observations is crucial to study the interstellar
gas distribution, and adding y-ray data is important because it is another independent tracer of
N(Hgo). Indeed, by combining the EGRET y-ray data, HI, CO, and dust extinction maps, a sig-
nificant amount of gas not traced by the HI or CO surveys was revealed in the solar neighborhood
and has been referred to as “dark gas” [4]. This work has been confirmed and improved in terms of
significance and accuracy by recent observations by Fermi-LAT (e.g., [5, 6]). Although the Planck
satellite provides an accurate dust thermal emission model, which advances the study of the ISM
(e.g., [7]), the procedure to convert the dust observations into the distribution of N(H,) has not
been established yet. By comparing the Planck dust optical depth map at 353 GHz (7353) and the
H1/CO data, and assuming that N (H) was proportional to 7353, Fukui et al. [8, 9] proposed that a
significant amount of the atomic hydrogen was optically thick in areas with low dust temperature
(Ty). The Planck collaboration [10], on the other hand, found that the dust radiance R (total dust
emission integrated over frequency) was well correlated with the integrated HI 21-cm line inten-
sity, Wy, in wide range of 7y in the diffuse ISM, and proposed that it would be a better tracer of
the dust (and the total gas) column density.

Here, we report an analysis of the Fermi-LAT 7-ray data in the Galactic longitudes 60° <[ <
120° and the Galactic latitudes —60° < b < —28°. Our region of interest (ROI) encompasses the
MBM 53, 54, and 55 molecular cloud complexes [11, 12] located at / = 84° to 96° and b = —44°
to —30°, and an infrared loop-like structure in Pegasus [13, 14] located in an area of ~20°x20°
around (I,b) ~ (109°,—45°). They are nearby (100-150 pc) molecular clouds located at high
Galactic latitudes (having small overlap with structures in the ISM at different distances), and
therefore are expected to have uniform ISM and CR properties. Under the assumption of uniform
CR density within the physical scale of the clouds, we examine the ratio of the y-ray intensity asso-
ciated with the ISM gas (i.e., a tracer of N(Hy)) to dust tracers (R or T3s3), obtaine the disribution
of N(Hi) by using y-ray data as a robust gas tracer, and discuss the properties of the ISM and
CRs. In the following sections, we describe y-ray modeling, data analysis, and discussion of the
ISM and CR properties in Section 2, 3, and 4, respectively. Readers are also referred to [15] for
more details.
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2. Gamma-ray Data and Modeling

2.1 Gamma-ray observations and data selection

The Large Area Telescope (LAT) on board the Fermi satellite is a pair-tracking y-ray telescope,
detecting photons from ~20 MeV to more than 300 GeV [16, 17]. We have accumulated events
from 2008 August 4 to 2015 August 2 to study diffuse y rays in our ROI. We used the Pass 8 event
data, and selected events satisfying the Clean class using Fermi Science Tools'. We required that
the reconstructed zenith angles of the arrival direction of the photons be less than 100° to reduce
contamination by photons from the Earth rim, and excluded the periods of time during which the
LAT detected bright y-ray bursts, solar flares, and flares of a bright active galactic nuclei 3C 454.3.

2.2 Properties of the ISM tracers

Because preparing good templates of the interstellar gas is crucial for y-ray data analysis, we
first investigated the properties of the ISM tracers in our ROI. We prepared dust maps, a Wy, map,
and an integrated CO 2.6-mm line intensity (Wco) map. We used the Planck dust maps (of R, Tss3,
and Ty) of the public data release 1 (the version R1.20)2. As described by, e.g., [10], both R and 7353
are expected to be proportional to N (Hyo) to a first order approximation. To construct the Wiy, map,
we referred to the Leiden/Argentine/Bonn (LAB) survey [18]. The correlations between Wy, and
R, and those between Wy, and 7353, are shown in Figure 1. To exclude the regions of H, associated
with appreciable W, we referred to a Weo map internally available to the LAT team, which is
based on the work by [2], and masked areas with W( intensity greater than 1.1 K km s~ We can
confirm the trends of the dust—gas relation found by previous studies as (1) we observe in Figure 1
(left) a good correlation between the Wy, and R in a wide range of 7y [10] and (2) we observe in
Figure 1 (right) a strong Ty dependence of the Wi —73s3 relation [8, 9]. The correlation between
the dust tracers and Wy, alone is not sufficient to distinguish which (R or 73s3) is the better tracer
of the total dust (and gas) column density. We therefore prepared two types of N(H;o) model maps
based on R and 7353 and tested them against the Fermi-LAT 7y-ray data as described in Section 3.
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Figure 1: The correlations between Wy, and dust tracers: (left) scatter plot of Wy versus R and (right)
scatter plot of Wy, versus T353. (shown in [15], reproduced courtesy of the AAS)

1http ://fermi.nasa.gov/ssc/data/analysis/software/
2http://irsa.ipac.caltech.edu/data/Planck/release_1/all-sky-maps/
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2.3 Model to represent the gamma-ray emission

We modeled the y-ray emission as a linear combination of the gas column density model
map(s) constructed from the Planck observations, inverse Compton (IC) emission model, isotropic
component and y-ray point sources. The use of the gas column density maps as a template is based
on the assumption that y rays are generated via interactions between the CRs and ISM gas and
that CR densities do not vary significantly over the ROI. We started with a single N(H;o) map
based on R or T3s3, and employed multiple N(H) maps sorted by Ty in Section 3.1. To model
the 7y rays produced via IC scattering, we adopted the IC model map produced in the GALPROP
3 (e.g., [19, 20]) run 54_77Xvarh7S as our baseline model but multiplied an energy-dependent
scale factor as a free parameter to accomodate the uncertainties of the spectrum. To model the
individual y-ray sources, we referred to the third Fermi-LAT catalog (3FGL) described in [21]
and included 57 (detected at a significance of >56) in our ROI, and 17 bright sources (>200)
just outside it (within 10°) to take account of their possible contamination. To accomodate the
possible change of the spectrum, we adopted the position of sources given by [21] but set the
normalization free in each energy band for the analysis. An isotropic component is to represent
the extragalactic diffuse y-ray emission and the residual instrumental background. Then, y-ray
intensities /,(/,b,E) (phs~' cm™2 sr™! MeV~!) can be modeled as

l b E ZC], N(Htot) (l b)—‘y-Cz( ) Ilc(l b E +I]g0 —|—ZC3J l b)

2.1)
where N (Hyqy); is the total gas column density model (cm~2) map(s), ¢ 1i(E)-qy(E) (ph s sr ! MeV™)
is the differential y-ray emissivity per H atom, ¢2(E) - ic(1,b,E) and L (E) are the IC model and
isotropic background intensities, respectively, and ¢3 ;(E) - PS;(I,b) represents the point source
contributions. The subscript i allows for the separation of N (Hi) maps by Ty (Section 3.1). ¢,(E)
is the y-ray emissivity model for the local interstellar spectrum (LIS) of CRs and the nuclear en-
hancement factor &y (a scale factor to take account of the effect of heavy nuclei in both CRs and
the target matter) of 1.84 [22] adopted by [23].

3. Data Analysis

To investigate the temperature dependence we observed in Section 2.2 more quantitatively, we
used y-ray as a robust tracer of N(H) as described below.

3.1 Dust temperature-sorted modeling

We started our data analysis using a single N(H;) model model maps based on R or 73s3. To
construct the model maps, we assumed a proportionality between N(H;) and R (or 7353) and that
H1 is optically thin and well represents the total gas column density at least for regions with the
high-temperature areas. We made least-squares fit to the 7g > 21.5 K dust-Wy;, relation in Fig-
ure 1 with a linear function and obtained coefficients of 19.8 x 108 K km s~! (W m~2 sr=1)~! and
102 x 10° K km s~! for the R and 353, respectively. We then converted R (or T353) into N(Ho)
maps, using the coefficients obtained and multiplied by 1.82 x 10'"® cm=2 (Kkms~!)~!. The

3http://galprop.stanford.edu
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model described in Equation (2.1) was fitted to the data from 0.3 to 72.9 GeV divided into several
energy bands. We then split the N(Ho) template map (constructed from R or 7353) into four based
on Ty, for Ty < 18 K, Ty = 18-19 K, Ty = 19-20 K and 7y > 20 K and fit y-ray data with Equa-
tion (2.1) using the four template maps, with scaling factors (¢ ;(E)) freely varying individually.
We calculated the log-likelihoods (InL) and confirmed that the fit improvement was significant in
both R-based and 7353-based cases.

If either R or 7353 is proportional to N(Hy), the scaling factors ¢ ;(E) are expected to be
independent on 7g. However, we observed that they depended on 7j; the averages over the entire
energy range are summarized in Figure 2 (left) which shows clear correlations for both R-based
and T353-based N(H;) maps. These trends cannot be interpreted as being due to the properties of
CRs, because the physical environments that determine the 7 (e.g., the interstellar radiation field
intensity and dust cross section) do not affect the CR density.

In order to examine if the 7y dependence we found is an artifact due to the systematic uncer-
tainty of our modeling, we carried out several tests as the followings. (1) We tested several other
IC models having different spatial distributions. (2) We masked areas around the dense molecu-
lar clouds traced by CO, since N(Ho)/R or N(Hio)/ 7353 could be appreciably different in dense
molecular cloud complexes from that in translucent clouds. (3) We also masked intermediate-
velocity clouds [24] in our ROI since they could have different CR density and/or different ISM
gas and dust properties. We confirmed that the 7y dependence we found is robust against these
tests, and gauged systematic uncertainties by bracketing the Ty dependence of our baseline model
as shown by the shaded bands in Figure 2 (left). We thus found that N(Ho)/R and N(Hi)/ 7353
(both < ¢ ;) are not uniform and depend on 7y in our ROI by using y-ray data as a robust gas tracer.
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Figure 2: (left) Summary of the scale factors ¢y ; in Equation (2.1) averaged over the entire energy range in
each range of Ty with the systematic uncertainty shown by gray bands. (right) Summary of InL as a function
of the coefficient C in Equation (3.1) with Tyx = 20.5 K. (shown in [15], reproduced courtesy of the AAS)

3.2 Dust temperature-corrected modeling

As described in Section 3.1, we found the Ty dependence of the scaling factors of the gas
component and concluded that it was primarily due to the dust properties. We aim to use the y-ray
data as a robust tracer of N(H,) and apply a correction on the N(H) model map to compensate
for Ty dependence.
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We started from the R-based single N (Hyo;) map and modified the gas column density with an
empirical function as below:

N(Heotr) (Ta > Tix)

_ (3.1
(140.05-C- Bl0) . N(Hior) (T < Ti)

N(Htot,mod) — {
where Ty, = 20.5 K. Above Ty, we retained the original N (Hyo) distribution. We re-examined the
correlation between R and Wy, (Figure 1 (Ieft)) and confirmed that the coefficient between the two
quantities, originally determined for 73 above 21.5 K, was unchanged above 20.5 K. Therefore, our
procedure is self-consistent. We tested several choices of coefficients C and summarized the value
of InL in Figure 2 (right). We found that C of 2 (which corresponds to a 10% required increase
in the gas column density as 7y decreases by 1 K) gave the best fit to the Fermi-LAT data. The
obtained N (Hiomod) map together with the data and model count map is shown in Figure 3. Below
we discuss the properties of the ISM and CRs in the region studied using the N (Hiomod) map.
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Figure 3: (left) The corrected N(Hio;) map in unit of 10?° cm~2, and (middle) the data count map, and
(right) the model count map. (shown in [15], reproduced courtesy of the AAS)

4. Discussion

4.1 ISM gas distribution

Because the molecular clouds studied here are located at similar distances from the solar sys-
tem and most of the HI clouds are expected to coexist with them (because they are located at high
Galactic latitudes), we can estimate the mass of gas from the column density N(H) as

M:wmf/waQ, (4.1)

where d is the distance to the cloud, mpy is the mass of the hydrogen atom and u = 1.41 is the
mean atomic mass per H atom [25]. From Equation (4.1), [N(H)dQ = 10**> cm~? deg? corre-
sponds to ~740 Mg, for d = 150 pc. The integrated HI column density for the optically thin
case, [ N(HIpin)dQ = 1.82 x 10'8. [ Wiy, dQ, and the integrated column density of the excess gas
([ (N(Hgot) — N(H1Ipip ) ) d€2) are shown in Figure 4 (left). We observed that the excess gas starts to
appear below Ty = 20 K and is as massive as that of HI for the optically thin case below 18 K.

Some fraction of this excess gas is molecular hydrogen traced by CO (hereafter denoted as
H> co), and we can calculate the mass as

M = ,udez/ZN(Hz_yco)dQ = ude2'2XCO/ Wcon . “4.2)



Study of ISM and CRs in MBM 53-55 and Pegasus Loop Tsunefumi Mizuno

Assuming Xco = 1.25 x 102 cm ™2 (K km S*I)*l, we calculated 2Xco [ Weo dQ as a measure of
the CO-bright H, mass and plotted the distribution in Figure 4 (left). The integral of N(H I, )
and N (Hyor) — N(HIip) is 60.9 and 16.5 in units of 10?2 cm~2 deg?, respectively, and that of Wco
multiplied by 2Xco is 2.6 in the same units. As shown in Figure 4 (left), the contribution of the
CO-bright molecular mass is <10% at Ty above 17.5 K. This is the “dark gas” and it contributes
(16.5—2.6)/60.9~25% of the mass in HI in the optically thin case.

The ratio of the mass of dark gas to that of the Hy traced by CO is (16.5 —2.6)/2.6~5,
significantly higher than the values in other regions obtained by Fermi-LAT (e.g., [7, 26]). In other
words, the region studied here is dark-gas-rich when compared to H; traced by CO. If we use the
R-based and T3s3-based N(H) maps uncorrected for the dust temperature effect, the integral of
N(Hiot) — N(HIpin) is 6.2 and 56.8 in units of 10> cm~2 deg?, respectively, whereas we obtained
16.5 in the same units through y-ray data analysis. Then, the dark gas contribution (obtained by
subtracting 2Xco [ Weo dQ estimated to be ~2.6) based on uncorrected R-based and 7353-based
N(Hio) maps will be 3.6 and 54.2, respectively, and is a factor of ~4 lower/higher than what we
found (16.5 — 2.6 = 13.9); therefore, the correction based on the y-ray analysis is crucial. We also
note that the required correction we found is the average of the studied region. A systematic study
of other high-latitude regions by Fermi-LAT in combination with the Planck dust model is required
to examine the uniformity/variation of the ISM properties in the solar neighborhood, which will
be key ingredient for understanding the nature of the dark gas (e.g., optically-thick HT [8, 9] or
CO-dark Hj [27]).

4.2 CR density

Finally, we discuss the HI emissivity spectrum obtained in this study shown in Figure 4 (right).
To examine the systematic uncertainty, we repeated the same analysis in Section 3.1 and evaluated
the variation of Wy,—to—R by dividing the region with 73 > 20.5 K into six sub-regions. The
obtained total systematic uncertainty is shown by the shaded band. For comparison, we plotted the
model curves for the LIS that we adopted and &y of 1.84 and 1.45 (the lowest value referred to in
[22]) in the same figure. We also plotted the emissivity spectrum of the local HI clouds measured
by [23] and [28] for comparison. A significant difference can be seen in the normalization. While
our result agrees with the model with & = 1.45, relevant studies by Fermi-LAT favor the model
with &y = 1.85. This difference can be understood, at least partially, due to the assumption of the
H1 optical thickness. [23] and [28] assumed a uniform spin temperature 7g of 125 K and 140 K,
respectively. If uniform 7; of such values is applied to our region, we will have smaller N(Hyo)
than that we obtained and larger H1 emissivity.

More specifically, the difference comes from different assumptions about gas and dust prop-
erties. The method presented here relies on the uniformity of N(H)/R for the same value of Ty
regardless of the gas phases, while a conventional template-fitting method relies on the uniformity
of Ty, Xco, and N(H) /D (where D is the employed dust map such as R and 7353) in each gas phase
across the ROI. Therefore using a good dust tracer is crucial for the conventional method, and sev-
eral alternative tracers of dust need to be compared (e.g., [26]). The method developed here, on the
other hand, has more flexibility to adjust N(H)/D, and implies lower HI emissivity due to, e.g.,
lower fraction of heavy CR nuclei and/or smaller cross sections other than for p—p collisions than
previously inferred from gas emissivities in 7y rays.
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Although our analysis was based on a few basic assumptions on properties of the gas, dust,
and CRs, and we have carefully examined the systematic uncertainty, the method is still in an early
phase of development and should be tested and improved by applying to other regions of the sky. In
such future analyses, a comparison with the conventional method should be done at the same time
to examine the merits and demerits of each method and the validity of the underlying assumptions,
and to better understand the properties of the ISM and CRs in the solar neighborhood.
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Figure 4: (left) The distribution of the integrated HI column density for the optically thin case,
S N(HlIpin)dQ = 1.82 x 108 . [Wy,dQ, and that of the integrated excess gas column density above
N(HIpin). The integrated Weo as a measure of the CO-bright Hy is also plotted. (right) Summary of the
HTI emissivity spectrum obtained in this study compared with the model curves based on the LIS for &y =
1.45 and 1.84, and the results of the relevant studies by Fermi-LAT [23, 28]. The shaded band shows the
systematic uncertainty of our HI emissivity spectrum. (shown in [15], reproduced courtesy of the AAS)
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